Introduction
Understanding the molecular mechanism controlling the differentiation of human pluripotent stem cells (hPSCs) into hematopoietic stem/progenitor cells (HSPCs) is the key step to develop therapies for blood cell disorders. During embryonic development, primitive and definitive hematopoiesis occur from distinct progenitors, which are specified at distinct locations and time points. Primitive hematopoiesis derived from mesodermal hemangioblasts can be defined by co-expression of Flk-1/ KDR and Glycophorin A (GPA), generating vascular and hematopoietic progeny including a limited spectrum of primitive erythroid cells, macrophages, and megakaryocytes (Huber et al., 2004; Lancrin et al., 2009) . Definitive hematopoiesis occurs in the yolk sac at E8.5-E9.5 and later at the aorta-gonad-mesonephros (AGM) region from hemogenic endothelium (Palis et al., 1999; Dzierzak and Speck, 2008; Gritz and Hirschi, 2016) . In vitro and in vivo models revealed that although KDR+GPA+ cells define an early subpopulation of the mesodermal hematopoietic fraction fated to the primitive lineage, KDR+ mesodermal cells further give rise to a KDR+CD34+ population containing progenitors of hemogenic endothelium as the origin of definitive hematopoiesis (Sturgeon et al., 2014) . The molecular mechanism of endothelialhematopoietic transition (EHT) has been well described recently (Lancrin et al., 2009; Iacovino et al., 2011; Costa et al., 2012; Gama-Norton et al., 2015) , even at the single-cell level (Swiers et al., 2013; Zhou et al., 2016) . However, little research has addressed the generation of hemogenic endothelial cells derived from mesoderm.
Several key molecules regulate the development of early hematopoiesis, such as GATA1, GATA2, SCL, RUNX1 (also known as AML1), ETV2, and LMO2. Among them, RUNX1 is essential for the generation of definitive hematopoiesis (Okuda et al., 1996; Wang et al., 1996; Lacaud et al., 2002; Chen et al., 2009 ) and is profoundly involved in human leukemia (Nucifora and Rowley, 1995; Lam and Zhang, 2012) . RUNX1 is critical in developing hemogenic endothelium prior to the onset of definitive hematopoiesis and also in hematopoietic stem cell (HSC) formation during embryogenesis (Chen et al., 2009) . Runx1 −/− mouse embryonic stem cells are defective in hematopoietic differentiation and this can be rescued by re-expression of Runx1 (Nishimura et al., 2004) . Expression of RUNX1 is controlled by two promoters, P1 and P2, which regulate expression of the RUNX1c and RUNX1a/b isoforms by alternative splicing, respectively (Levanon et al., 2001) . RUNX1b/c share a DNA-binding region and transcriptional regulatory domains, except for a few differences at the amino terminus, and ought to have similar functions but exhibit distinct expression patterns during hematopoiesis (Challen and Goodell, 2010) . RUNX1a is regulated by the P2 promoter, similar to RUNX1b, but lacks the transcriptional regulatory domains found in RUNX1b/c, which have an antagonism against the latter (Tsuzuki et al., 2007) . Runx1b expression is highly heterogeneous and distinguishes cells of the megakaryocytic and erythroid lineage fates in mouse adult hematopoiesis (Draper et al., 2016) . Research of RUNX1 has largely focused on RUNX1a in human hematopoiesis (Ran et al., 2013) . For technical and ethical reasons, there is a paucity of research on the functions of the other isoforms, such as RUNX1b/c, during human early hematopoiesis. Research in hematopoietic and leukemia cell lines indicated an antagonistic relationship between RUNX1a and RUNX1b/c (Meyers et al., 1995; Liu et al., 2009) , showing that the latter can suppress leukemia caused by the RUNX1-ETO fusion gene. By contrast, overexpression of RUNX1-ETO or RUNX1a can interfere with the expression of RUNX1b and halt hematopoiesis or even cause leukemia, indicating an important role of RUNX1b as a tumor repressor (Liu et al., 2009; Lam and Zhang, 2012; Goyama et al., 2013) .
However, the functions of RUNX1 isoforms are controversial (Ran et al., 2013; Real et al., 2013) , and the function of RUNX1b/c is not well elucidated. Eukaryotic inducible expression systems, including the tet-on/off system, are well established (Berens and Hillen, 2003) . The PiggyBac vector system is a reliable gene delivery system for all cell types, with an advantage over traditional viral vectors and proven applicability to establish transgenic human embryonic stem cell (hESC) lines (Lacoste et al., 2009) . In the present study, we design a PiggyBac-based tet-on system with a green fluorescent protein (GFP) tag, PB-Tet-on-OE, to control and track ectopic gene expression during early hematopoiesis starting from undifferentiated hESCs. This system provided a means to clearly observe the role of RUNX1 isoforms in this process at a much higher resolution and with lower background interference compared with the traditional lentiviral system (Ran et al., 2013) . Our results provide evidence that overexpression of RUNX1b/c prevented the transition from mesodermal cells to early hemogenic endothelium.
Results

Transgenic hESCs exhibit inducible expression and normal pluripotency
PB-Tet-on-OE and PB-Tet-on-GFP-T2A-hRUNX1b were constructed ( Figure 1A and Supplementary Figure S1 ). Induction of expression in vector/hESCs and RUNX1b/hESCs treated with Doxycycline (DOX) for 48 h was checked by fluorescence microscopy ( Figure 1B ) and detected by RT-qPCR and western blotting ( Figure 1C and D) , which showed highly stringent and efficient induction. Pluripotency was tested using a kit to detect differentiation of the three germ layers ( Figure 1E ) and by examining expression of stemness-specific markers (Supplementary Figure S2) . This demonstrated the normal pluripotency of the cells and their potential to differentiate into all three germ layers.
Induction of RUNX1b expression at an early stage blocks early hematopoiesis from hESCs
The day on which DOX treatment was started determined the effect of RUNX1b inducible expression on hematopoiesis. D0-D2-induced RUNX1b/hESC co-cultures exhibited severe blockage of early hematopoiesis, while the inhibitory effect was much weaker when induction was started later than D4. Vector/ hESCs and non-induced controls exhibited normal hematopoiesis ( Figure 2A and Supplementary Figure S3 ). For D0-induced RUNX1b/hESC co-cultures, in which hematopoiesis blockage was most severe, their hematopoietic potential was detected every other day from D4 to D18 by fluorescence-activated cell sorting (FACS) analysis. In contrast with the control, generation of CD34+ cells was prevented from an early stage, with consequential loss of the CD34+CD43+ and CD34+CD45+ populations, indicating that the development of hemogenic endothelium was prohibited at an early stage ( Figure 2B ; Supplementary Figure S4A and B). However, in RUNX1b/hESC co-cultures induced from D6 or later, production of the CD34+CD45+ population was near to normal level (Figure 2A) , showing that development of hemogenic endothelium was not obviously blocked by RUNX1b overexpression starting from D6 or later.
D0-induced RUNX1b/hESC co-cultured cells were separated into GFP+ and GFP− fractions according to the fluorescence intensity of GFP, and cells within each fraction were FACS analyzed for CD34 and CD45 expression. Hematopoietic activity was always severely blocked in the GFP+ fraction compared with the GFP− fraction, and the efficiency of hematopoiesis was always lower in the latter than in the controls (vector/hESCs treated with DOX, RUNX1b/hESCs not treated with DOX) ( Figure 2B ; Supplementary Figure S4A and B). According to FACS and imaging analyses, during the first few days (before D4), most D0-induced co-cultured RUNX1b/hESCs (>90%) were GFP+, which gradually became GFP− due to random silencing of the exogenous gene, and up to 50%-80% of cells were GFP− at D14 or later (Supplementary Figure S5) . We hypothesized that most GFP− cells originated from the GFP+ fraction overexpressing RUNX1b and that the blockage of hematopoiesis was gradually weakened over time. Time course FACS analysis showed that the development curve of CD34+CD43+ and CD34+CD45+ cells in the GFP− fraction mimicked that in the controls ( Figure 2B and Supplementary Figure S4) , indicating that the blockage of hematopoiesis was largely reversible due to the silencing of RUNX1b. Induced at D0, CD34+CD43− and CD34+CD43+ populations isolated from co-culture D10 GFP− cells which originally derived from GFP+ cells were done secondary suspension culture favoring hematopoiesis and CD45+ cell production from both cell fractions were of high efficiency (>90%), similar to those from co-culture without DOX treatment (Supplementary Figure S5) . But the severe inhibitory effect on early hematopoiesis in GFP+ fraction could be maintained throughout the entire culture.
Overexpression of RUNX1c, but not RUNX1a, exerted similar blockage to early hematopoiesis as RUNX1b did
In D0-induced RUNX1b/hESC co-cultures by different DOX concentration, the blockage effect weakened along with decrease of DOX induction, and even disappeared (Supplementary Figure S6A) . We also detected RUNX1b overexpression level at D4 by RT-qPCR, and the ratio between D0-induced and non-induced co-cultures was 15-fold at 1 μg/ml DOX induction and 3-fold at 0.2 μg/ml DOX induction (Supplementary Figure S6B) , which is obviously higher than physiological level. We applied similar experiments by inducing overexpression RUNX1c and RUNX1a in hESCs. As a result, we gained a similar effect to block early hematopoiesis for RUNX1c overexpression as RUNX1b did in GFP+ fractions, but not with RUNX1a (Supplementary Figure S7A and B).
Hematopoiesis-related genes are downregulated by RUNX1b induction at an early stage during embryoid body formation and in co-cultures with AGM-S3 cells
Immunocytochemical analysis of D0-induced RUNX1b/hESCs co-cultured with AGM-S3 cells at D4 showed that the development of ectoderm, mesoderm, and endoderm, detected by expression of OTX2, Brachyury, and Sox17, respectively, was not severely impaired ( Figure 2C ). FACS and RT-qPCR analysis ( Figures 2D and 3A ) also showed that mesodermal development was not blocked by induction of RUNX1b expression from D0.
However, FACS analysis of D0-induced RUNX1b/hESC cocultures at D6 revealed that the percentages of CD34+ and CD31+ cells were dramatically lower than in the controls ( Figure 2D) , showing a total loss of hemogenic endothelium as well as non-hemogenic endothelium. RT-qPCR analysis showed that hematopoiesis-related genes, such as GATA1, GATA2, GATA3, VE-CAD, C-KIT, LMO2, RUNX1a, vWF, and PU.1, were all obviously downregulated in RUNX1b/hESC cocultures at D4 ( Figure 3B and C), reflecting blockage of hematopoiesis development. Embryoid body (EB) formation of RUNX1b/hESCs also showed that mesoderm development was normal while hematopoiesis was blocked compared with controls not treated with DOX. Consequently, the production of CD34+ cells was reduced according to RT-qPCR and FACS analysis at EB-D10 ( Figure 4A and B). RT-qPCR analysis revealed that the blockage of CD34+ cell generation, along with the reductions in the levels of other hematopoiesis-related genes such as GATA1, GATA2, GATA3, and VE-CAD (but not RUNX1a), was more severe when the earlier DOX was added, while there was no obvious effect on expression of mesoderm-specific genes, such as KDR and Brachyury ( Figure 4A ). This indicated that overexpression of RUNX1b at the earliest stage could block early hematopoiesis both in EBs and in co-cultures with AGM-S3 cells. Figure 2 Ectopic expression of RUNX1b blocks hematopoiesis in co-cultures with AGM-S3 cells. D0-induced RUNX1b/hESC co-cultures were used. (A) RUNX1b/hESC and vector/hESC co-cultures were induced from D0, D2, D4, or D6, and FACS analysis of CD34 and CD45 expression was performed at D14. This indicated that RUNX1b overexpression from D0-D4 severely prevented the production of CD34+CD45−, CD34+CD45+, and CD34−CD45+ cells only in the GFP+ (RUNX1b+) fraction. (B) Time course FACS analysis of D0-induced RUNX1b/hESC and vector/hESC co-cultures indicated that the definitive hematopoietic populations (including CD34+CD43−, CD34+CD43+, CD34−CD43+, CD34+CD45−, CD34+CD45+, and CD34−CD45+ cells) were blocked in the GFP+(RUNX1b+) fraction during the entire differentiation process. (C) Immunocytochemical analysis of differentiation into the three germ layers during hematopoiesis at D4 using specific markers, Brachyury (a-e), OTX2 (f-j), and SOX17 (k-o), showed that the development of endoderm, mesoderm, and ectoderm was not obviously perturbed. a, f, k show DAPI staining; b, g, l show immunostaining with a specific antibody coupled to Cy3; c, h, m show GFP fluorescence; d, I, n are merged images of DAPI staining and immunostaining; and e, j, o are merged images of GFP fluorescence and immunostaining. Scale bar, 200 μm. (D) FACS analysis shows that KDR+ cells were not obviously affected at D4, while the CD31+ and CD34+ endothelium populations were drastically reduced at D6.
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Figure 3 Induction of RUNX1b expression downregulates hematopoiesis-related genes, but not mesoderm-related genes, in co-cultures with AGM-S3 cells. RT-qPCR analysis of D0-induced RUNX1b/hESC co-cultures at D4 indicated that mesoderm induction, inferred from expression of Brachyury and KDR, was stable (A), while RUNX1a (B) and other hematopoiesis-related genes (C) were downregulated at the same time point. This indicated that overexpression of RUNX1b could block hematopoiesis, but not mesoderm induction. showed that RUNX1b overexpression from an early stage of EB formation prevented the production of CD34+ cells. RT-qPCR analysis indicated that expression of mesoderm markers, Brachyury, and KDR was not obviously affected by RUNX1b overexpression and mesoderm induction of EBs was normal while other hematopoietic markers, such as GATA1, GATA2, GATA3, and VE-CAD, were downregulated by early overexpression of RUNX1b. RUNX1a expression was not obviously influenced, different from the finding in co-cultures with AGM-S3 cells.
Induction of RUNX1b expression prevents KDR+ cells from generating CD34+ cells
KDR+ and KDR− cells with or without GFP expression were sorted from D0-induced or non-induced co-cultured RUNX1b/hESCs at D4. Sorted cells were further cultured in endothelial cell growth medium (EGM)-2 containing DOX for a further 5 days until they were confluent. FACS analysis of RUNX1b/hESC co-culturederived cells showed that the KDR+GFP− fraction gave rise to CD34+ cells, while KDR− and KDR+GFP+ cells did not ( Figure 5A and B). Consistent expression of RUNX1b (co-expressed with GFP) blocked the generation of CD34+ cells from KDR+GFP+ cells. In order to make clear whether RUNX1b overexpression could directly act on the KDR+ cells at the earliest stage, KDR+CD34−CD31− population was isolated from non-induced RUNX1b/hESC co-cultures at D2 and further cultured in EGM-2 media with or without DOX induction. The RUNX1b overexpression obviously blocked the generation of CD34+ from KDR+ cells ( Figure 5C ).
Hematopoiesis blockage by RUNX1b can be partially rescued by an inhibitor of TGF-β signaling
RepSox is an inhibitor of the TGF-β signaling pathway and targets TGF-βRI (ALK5), the receptor of TGF-β1 (Blank and Karlsson, 2015; Vaidya and Kale, 2015) . RepSox obviously rescued the blockage of hematopoiesis by RUNX1b (Supplementary Figure S8A) . Time course analysis of D0-induced RUNX1b/hESC co-cultures revealed that a normal level of CD34+CD43− cells appeared in the GFP+ fraction (Supplementary Figure S8B) . When RepSox was added from D0, D2, D4, or D6 to rescue the hematopoiesis defect in D0-induced RUNX1b/hESC co-cultured cells, the rescue effect was obvious when RepSox was added from D0 or D2, but not from D4 or D6 (Figure 6A and B; Supplementary Figure S8C) . The rescue effect of RepSox on the blockage of early hematopoiesis by RUNX1b indicated that there is a close relationship between RUNX1b ectopic expression and TGF-β signaling during early hematopoiesis, especially the TGF-β1 signaling pathway. We did not observe a similar effect in DOX-free RUNX1b/hESC co-cultures, indicating that the antagonism of RepSox to RUNX1b was signal-specific (before D4). By sorting and replating experiments, we found that CD34 Figure S9) .
D0-induced RUNX1b can upregulate TGF-β signaling at an early stage
In D0-induced RUNX1b/hESC co-cultures, positive regulatory factors of TGF-β signaling, TGF-β1, TGF-βRI, and TGFβ-RII, were upregulated at D2-D4 compared with the non-induced controls. Conversely, SMAD-6 and SMAD-7, negative regulators of TGF-β signaling, were downregulated at D2. Expression of SMAD-2, SMAD-3, and SMAD-4, indispensable components of the TGF-β signaling pathway, was not obviously disturbed ( Figure 6C ). The upregulation of positive regulatory factors and the downregulation of negative regulatory factors of TGF-β signaling showed the coordinated effect of RUNX1b with the TGF-β signaling pathway on early hematopoiesis (D0-D2). Treatment with TGF-β1, the activator of TGF-β signaling, did not elicit an inhibitory effect corresponding to that of RUNX1b overexpression (data not shown). This suggests that different molecular mechanism, other than TGF-β signaling, might be involved in the inhibitory effect of RUNX1b/c on early hematopoiesis.
Discussion
A critical problem in early hematopoiesis is that mesodermal cells develop into a specific cell lineage that initially shares both endothelial and hematopoietic potentials. This step is largely defined by resolutions both intrinsically as well as microenvironmentally. RUNX1 has been reported to be a pivotal regulator of the generation of hemogenic endothelial cells. However, the function of one of its isoforms, RUNX1b/c, which is antagonist by another isoform RUNX1a (Tanaka et al., 1995) , need to be researched. Human RUNX1b and RUNX1c share the same amino acid sequence except for 32 amino acids at Nterminus, and there are no data that suggest these differences confer distinct function to these two proteins (Fujita et al., 2001; Challen and Goodell, 2010) and some researches have been performed on the model of mice or human cell culture for their physiological and pathological function (Montero-Ruiz et al., 2012; Brady et al., 2013; Draper et al., 2016 Draper et al., , 2017 . We examined the function of RUNX1 isoforms by overexpressing them in an inducible fashion in hESCs using a unique PiggyBactet-on system. Using different induction models, our method was proven to be of a much higher resolution than the constitutional expression system reported previously (Ran et al., 2013) , providing an efficient tool to subtly trigger expression. When co-cultured with AGM-S3 cells with DOX induction, RUNX1b/hESCs could not normally generate KDR+CD34+ cells that would further give rise to hemogenic endothelial cells and consequently CD34+CD43+ and CD34+CD45+ hematopoietic cells, a classical pathway of definitive hematopoiesis (Vodyanik et al., 2006; Slukvin, 2013) . The effect was most obvious when DOX was added at an early stage (D0-D2), was gradually weakened when it was added later, and was totally lost when induction was started after D6 ( Figure 2A and Supplementary Figure S3 ). This indicated that ectopic overexpression of RUNX1b only exerted its inhibitory effect on hematopoiesis at a very early stage of hESC differentiation. Overexpression of RUNX1c on hESCs obtained a similar result in blocking early hematopoiesis as RUNX1b did, but not by RUNX1a overexpression (Supplementary Figure S7) . Because RUNX1a lack the transcriptional regulatory domain at C-terminus found in RUNX1b/c, this might reflect a high homology in human RUNX1b and RUNX1c.
Expression of key surface markers for the hemogenic and non-hemogenic endothelium, such as CD34 and CD31, was drastically inhibited along with differentiation by overexpression of RUNX1b during co-culture with AMG-S3 cells ( Figure 2D) . Consequently, the CD34+CD43+ and CD34+CD45+ populations were also reduced at late stage, which represented the development of definitive hematopoiesis ( Figure 2B ) (Sturgeon et al., 2013; Vodyanik et al., 2006; Slukvin, 2013) . Similar results were obtained when RUNX1b was overexpressed in EBs, showing severe loss of CD34+ cells at an early stage (EB-D1 to EB-D4) ( Figure 4A ). We provided evidence that switching on RUNX1b overexpression at an early stage strongly prevent the development of CD34+ endothelium and hematopoietic cells from the mesodermal precursors.
RUNX1 is regarded as the master regulator of EHT and HSC generation (Chen et al., 2009) . Runx1 −/− mouse fetuses die before E12.5 due to extensive hemorrhage and a deficiency of HSCs (Lacaud et al., 2002) . Interestingly, haploinsufficient Runx1 embryonic stem cells (Runx1 +/− ) cause acceleration of mesodermal development (Lacaud et al., 2004) , suggesting that RUNX1 plays a negative role during mesodermal development toward the endothelial/hematopoietic pathway (Choi et al., 2012; Rafii et al., 2013) . The inhibitory effect of RUNX1b/c overexpression on early endothelial and hematopoietic development seemed to be temporally specific because after D6-co-culture, even when RUNX1b/c overexpression was induced, there was little effect on the further differentiation of CD34+CD43+ or CD34 +CD45+ hematopoietic progenitor cells that were fated to the mature definitive pathway. Thus, overexpression of RUNX1b/c specifically blocked early endothelial/hematopoietic development. RT-qPCR, immunostaining and FACS analysis revealed that expression of mesoderm markers, such as Brachyury and KDR, in D0-induced RUNX1b/hESCs in co-culture was comparable to that in controls at D4, indicating that early mesodermal development was not notably hampered before the generation of hemogenic cells. However, the transition from KDR+ cells to CD34+ ones was drastically blocked afterward, along with a significant downregulation in hematopoiesis-related genes. The complete loss of the KDR+CD34+ fraction upon RUNX1b/c overexpression clearly showed that early hematopoiesis was blocked before the initiation stage of hemogenic endothelial cells (Sturgeon et al., 2014) . Both vector-KDR+GFP+ and KDR+GFP−RUNX1b− mesodermal cells (non-induced GFP− fraction) could give rise to CD34+ cells when re-cultured in endothelial medium, while KDR+GFP+RUNX1b+ cells did not. Because CD34+ hemogenic endothelial cells originate from the mesodermal KDR+ fraction (Slukvin, 2013; Sturgeon et al., 2014) , ectopic overexpression of RUNX1b might block the development from mesoderm to hemogenic endothelium. Consequently, further generation of CD34+CD43+ hemogenic endothelial cells and later CD34+CD45+ HSPCs was also impeded. By sorting KDR+CD34−CD31− cells and replating in hematopoietic assay with or without DOX induction, we confirmed that RUNX1b exerted its negative effect on hematopoiesis at a very early stage to prevent generating CD34+ from KDR+ fractions.
The expression of RUNX1b emerged obviously earlier than RUNX1a did during human mesodermal development towards hematopoiesis, indicating a successive relationship in their function on mesoderm-hemogenesis transition and EHT (Ran et al., 2013) . Upon overexpression of RUNX1b, a host of critical hematopoiesis-related genes were downregulated, and among them expression of RUNX1a could be repressed by its isoform, RUNX1b, showing potential antagonism between them. Ectopic overexpression of RUNX1a can reportedly upregulate hematopoiesis (Ran et al., 2013) , while downregulation of RUNX1 can prevent the upregulation of other hematopoiesis-related genes, thereby hindering hematopoiesis (Bakshi et al., 2010) . Interestingly, our findings in the RUNX1b/c overexpression model to a large extent mimics the result in mouse Runx1
−/− models (Wang et al., 1996; Lacaud et al., 2002) . Since RUNX1 can associate with the SWI/SNF complex to occupy a promoter site in order to control IL3 expression which initiates down-stream hematopoietic gene expression (Bakshi et al., 2010) , how this is influenced by antagonism between RUNX1a and RUNX1b/c needs to be further explored. Small molecules are powerful tools to explore the molecular mechanism of hematopoiesis through signaling pathways such as Wnt, Notch, and Nodal/Activin (Voronkov and Krauss, 2013; Sturgeon et al., 2014; Yuan et al., 2015) . A large number of signaling pathway inhibitors or activators were screened to identify key co-activating genes in our co-culture system along with the RUNX1b overexpression system. The TGF-β/SMAD pathway inhibitor RepSox (Selleck), a specific antagonist of TGF-βRI/ALK5 signaling, was found to obviously rescue the effect of RUNX1b overexpression. The blockage of early hematopoiesis was rescued when RepSox was added from D0-D2, but this effect was completely lost if it was added after D4, demonstrating temporal antagonism of RUNX1b in parallel to its blockage of early hematopoiesis. The TGF-β/SMAD signaling pathway can promote mesoderm induction (Zhang et al., 2008) , while it plays a negative role during later hematopoietic commitment (Bai et al., 2013; Blank and Karlsson, 2015; Vaidya and Kale, 2015) . Cocultures at D2-D4 represented a transitional process from mesoderm to hematopoiesis, and TGF-β/SMAD signaling pathway might play a distinct role before and after such process. Inhibition of TGF-βRI/ALK5 by RepSox specifically rescued the negative role of RUNX1b on mesoderm-hemogenesis transition, suggesting an overlapping effect of RUNX1b and the TGF-βRI/ ALK5 signaling pathway, similar to previous reports (Sato et al., 2008; Bai et al., 2013) . RT-qPCR analysis revealed that RUNX1b enhanced TGF-β signaling ( Figure 6C ) which showed a high degree of coordination between them (Sood et al., 1999; Ford et al., 2009; Zhang et al., 2011) . On the other hand, direct addition of TGF-β1 to the co-culture system only slightly reduced the generation of the CD34+ and CD34+CD43+ populations and did not fully mimic the effect of DOX-induced overexpression of RUNX1b in RUNX1b+GFP+ cells (data not shown). Further detailed investigation should uncover the relationship between RUNX1b/c and TGF-β/SMAD inhibitors. CD34+CD43− cells rescued by RepSox in GFP+ fraction were mostly within CD34 Low fraction. We found that these CD34
Low cells rescued by RepSox in GFP+ population could not obtain any hematopoietic colonies. This indicated that they might be blocked by RUNX1b overexpression during the transition from CD34 Low to CD34 High cells that further prevented the generation of hemogenic endothelial cells, such as CD34+CD43+ cells (Supplementary Figure S9) . The addition of inhibitor for TGF-β signaling pathway could only help with the transition from early mesoderm cells to CD34 Low fraction, which might only rescue endothelium, but not the further hematopoiesis process. To address this issue, further exploration with endothelial-specific assays should be applied. Our present study presents two major new findings. First, CD34+ endothelial/hematopoietic cell generation was almost completely blocked when RUNX1b was overexpressed during the mesoderm-hemogenesis transition. This is similar to the findings in RUNX1 knock-out models. Second, such effect could be partially rescued by TGF-β/SMAD inhibitors, suggesting a close coordination of the two molecular pathways in mesoderm development, as recently reported (VanOudenhove et al.,2016) . The molecular mechanism controlling EHT has been well illustrated recently, even at the single-cell level (Zhou et al., 2016) , and RUNX1 plays an important role in it (Chen et al., 2009; VanOudenhove et al., 2016) . However, the function of RUNX1 isoforms at the earlier stage before EHT has scarcely been investigated. Our results proved that RUNX1b is a negative regulator for human endothelium development and thus bring about the consequential blockage of early hematopoiesis. Contrary to the function of RUNX1a, repressive or negative role in leukemogenesis and hematopoiesis has been reported (Liu et al., 2009; Rodriguez-Perales et al., 2016; Kuo et al., 2009; Zent et al., 1996; Uchida et al., 1999; Frank et al., 1995; Okuda et al., 2000) . Although the overexpression situation might not accurately reflect the true physiological role of RUNX1b/c, our study is of importance to provide methods that could uncover the function of RUNX1b/c in human endothelium development and consequential early hematopoiesis, as well as leukemogenesis. Further research is underway to investigate the reciprocal function of RUNX1b/c and RUNX1a or negative regulators for TGF-β signaling.
Materials and methods
Construction of RUNX1 isoform inducible plasmids and transgenic hESC lines
The RUNX1b-coding sequence was inserted into the specially designed PiggyBac-based tet-on inducible expression vector, PBTet-on-OE, to construct PB-Tet-on-GFP-T2A-hRUNX1b. Detailed information about the vectors is provided in Supplementary Materials and methods, Figure 1 , and Supplementary Figure S1 . H1 hESCs were transfected with the vectors using Lipofectamine 3000 (Invitrogen), screened by treatment with 1 μg/ml puromycin, and then passaged using ReleSR (Stem cell) to establish hESC lines with inducible expression of GFP-RUNX1b or GFP (referred to as RUNX1b/hESCs and vector/hESCs, respectively). DOX induction of expression was confirmed by RT-qPCR and western blot analyses, differentiation potential was confirmed using a kit to test differentiation of all three germ layers (R&D Systems, Cat.# SC027), and pluripotency was confirmed by immunocytochemical analysis of SSEA4, TRA-1-60, Oct4, and Nanog, according to the corresponding protocol or manual. Similar method was also applied for RUNX1a and RUNX1c to construct RUNX1a/hESCs and RUNX1c/hESCs as splicing varieties controls for RUNX1b.
Co-culture of hESCs with AGM-S3 cells
The hESC line H1, provided by Prof. Tao Cheng, was induced to undergo hematopoietic differentiation by co-culture with a stromal cell-derived line, AGM-S3, as reported previously (Xu et al., 1998; Mao et al., 2016) . This study was approved by the institutional ethics committee of Institute of Blood Transfusion, Chinese Academy of Medical Sciences and Peking Union Medical College (CAMS & PUMC). Briefly, undifferentiated H1 cells were plated on radiated AGM-S3 cells and cultured in hPSC-maintaining medium for 3 days, and then switched to hematopoiesis-inducing medium (D0). The co-cultured cells were digested with 0.05%-0.25% trypsin/EDTA (ethylenediaminetetraacetic acid) solution (Invitrogen) for FACS analysis or other applications.
EB formation
hESCs cultured in mTeSR1 were dissociated by treatment with 2 mg/ml dispase (Stem Cells), plated into ultra-low attachment 24-well plates (Corning), and grown in mTeSR1 containing 20% fetal bovine serum (FBS) and 20 ng/ml bone morphogenetic protein 4 (BMP4) (EB day 0, EB-D0). Twenty-four hours later, the EBs were dispersed by pipetting and switching to mTeSR1 containing 20% FBS, 20 ng/ml BMP4, 100 ng/ml stem cell factor (SCF), and 100 ng/ml Fms-related tyrosine kinase 3 ligand (FL). Twentyfour hours later, the culture was switched to EB culture media, i.e. Iscove's Modified Dulbecco's Medium (IMDM) containing the same growth factors, 20% FBS, 1 mM L-glutamine, 0.1 mM β-mercaptoethanol, and 1% non-essential amino acids. EBs were induced with or without 1 μg/ml DOX from EB-D1, EB-D2, EB-D4, or EB-D6, collected at EB-D10, and digested with 0.05% trypsin for further analysis.
Inducible expression of RUNX1 isoforms and FACS analysis
From D0, D2, D4, or D6, 1 μg/ml DOX was added to RUNX1b/ hESC or vector/hESC co-cultures (referred to as DX-induced, respectively). Hematopoietic activity was further examined by FACS analysis of CD34 and CD45 expression at D14. Then, both cell lines, with or without DOX induction from D0, were analyzed for expression of CD34, CD43, and CD45 every other day from D4 to D18. FACS analysis was performed using a flow cytometry system (CantoII, BD) and data were processed using FlowJo 10. To exclude the probability of non-specific effect caused by extreme high overexpression level, different DOX concentration (0.05, 0.2, or 1 μg/ml) was applied for similar DOX time course test and RUNX1b expression level was detected by RT-qPCR at the same time. RUNX1a/hESC and RUNX1c/hESC were also established by a similar way and the DOX time course test in 1 μg/ml was performed to compare the effects on hematopoiesis between different RUNX1 splicing varieties.
Hematopoiesis potential detection of GFP− fraction in secondary suspension cultures favoring hematopoiesis
The CD34+CD43− and CD34+CD43+ populations were sorted from non-induced co-culture or GFP− fraction in D0-induced co-culture for RUNX1b/hESC at D10. Approximately 5 × 10 3 cells were plated in each well of 96-well plate for secondary suspension cultures favoring hematopoiesis, in IMDM containing 100 ng/ml SCF, 100 ng/ml interleukin-6 (IL-6), 10 ng/ml interleukin-3 (IL-3), 10 ng/ml FL, 10 ng/ml thrombopoietin (TPO), 4 U/ml erythropoietin (EPO), and 10% FBS, for 16 days. Finally, these cells were FACS analyzed by CD34/CD45 to check the hematopoiesis potential of progenitors in GFP− fraction.
TGF-β inhibitor partially rescues the blockage of early hematopoiesis by RUNX1b D0-induced or non-induced RUNX1b/hESCs grown on AGM-S3 cells were treated with 0.33 μM RepSox (Selleck), a TGF-β signaling pathway inhibitor, from D0, D2, D4, or D6. Cells were not treated with RepSox as a control. FACS analysis was performed at D8 or every other day after addition of RepSox.
Hematopoiesis potential detection of CD34
Low CD43− population produced by RepSox by colony assay after AGM-S3 co-culture CD34 Low CD43− cells in GFP+ fraction of D0 DOX and RepSoxtreated RUNX1b/hESC co-culture at D6 were isolated by sorting. Approximately 5 × 10 3 cells were plated on treated AGM-S3 in each well of 96-well plate and further cultured in hematopoiesisinducing medium for 7 days, media changed every other day. Finally, all the cells in each well were suspended, dispersed by 0.05% Trypsin, and plated in 35-mm dish each for colony assay with 7 factors, i.e. 100 ng/ml SCF, 100 ng/ml IL-6, 10 ng/ml IL-3, 10 ng/ml FL, 10 ng/ml TPO, 10 ng/ml Granulacyte Cell Stimulation Factor (G-CSF), and 4 U/ml EPO in 80% methylcellulose (Stem cell, MethoCult H4230) according to the manual. Cells were cultured for 13 days to calculate the colony number. As the positive controls, CD34 Low CD43− and CD34 High CD43− cells in RUNX1b/hESC co-culture without DOX at D6 were also isolated and assayed by the same method above to compare the hematopoiesis potential between them.
Immunocytochemistry D0-induced RUNX1b/hESC co-cultured cells were fixed with 4% paraformaldehyde, washed with washing buffer [Dulbecco's phosphate-buffered saline (D-PBS) containing 1% bovine serum albumin (BSA)], permeabilized, and blocked with blocking buffer (D-PBS containing 0.3% Triton X-100, 1% BSA, and 10% FBS). Samples were then incubated with primary antibodies overnight at 2°C-8°C. After washing, samples were incubated with secondary antibodies, stained with DAPI (4′,6-diamidino-2-phenylindole), washed again, and finally visualized with an inverted fluorescence microscope (Olympus-IX71). The detailed antibody information could be seen in Supplementary Materials and methods.
Cell sorting and endothelium culture D0-induced or non-induced RUNX1b/hESC co-cultures were detached at D4 by treatment with 0.05% trypsin solution, resuspended in sorting media (SM) buffer (D-PBS containing 2% FBS), blocked with rabbit serum, incubated with anti-KDR antibody and 7-amino-actinomycin (7-AAD), washed, and resuspended in SM buffer. KDR+ and KDR− cells were subjected to FACS using a BD FACSJazz™ Cell Sorter and their purity was confirmed by re-analysis. About 5 × 10 3 sorted cells were resuspended in 250 μl of endothelial cell growth medium (EGM)-2 (Lonza, Cat# CC-3162) and seeded into each well of a 48-well gelatin-coated plate. Endothelial activity was checked by assessing cellular uptake of acetylated low-density lipoprotein (Invitrogen, Cat# L23380) according to the manual and analyzed by determining the percentage of CD34+ cells derived from KDR+ population. In order to check whether the potential of KDR+CD34−CD31− population to generate CD34+CD43− could be blocked by RUNX1b overexpression at early stage, such population was sorted from non-induced RUNX1b/hESC co-cultures at D2 and further cultured in EGM-2 media for 8 days with or without DOX induction, change media every other day, and finally FACS analyzed by above method.
Supplementary material
Supplementary material is available at Journal of Molecular Cell Biology online.
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